1] Interrelationships between year-to-year variations in September Arctic sea ice extent and summer sea level pressure and surface air temperature at high northern latitudes are examined making use of microwave satellite imagery and atmospheric data for the period 1979 -2006. Linear trends and year-to-year variability about the linear trend lines are considered separately: the latter gives a clearer indication of the physical linkages between fields. Years with low September sea ice extent tend to be characterized by anticyclonic circulation anomalies over the Arctic, with easterly wind anomalies over the marginal seas where the year-to-year variability of sea ice concentration is largest. It is hypothesized that the summer circulation anomalies cause sea ice extent principally by way of the Ekman drift in the marginal seas. The associated surface air temperature anomalies also tend to be largest over the marginal seas, with positive anomalies over the regions of reduced sea ice. Citation: Ogi, M., and J. M. Wallace (2007), Summer minimum Arctic sea ice extent and the associated summer atmospheric circulation, Geophys. Res. Lett., 34, L12705,
Introduction
[2] Microwave satellite imagery has been widely used to map the field of sea-ice concentration and document how it evolves with season and from year to year. Although the interpretation of the microwave data is complicated by the pooling of water on the surface of ice floes, the spatial patterns of year-to-year variations and multidecadal trends in the microwave imagery, processed in the manner described by Serreze et al. [2003] , provide a general indication of how sea-ice concentration has varied. These data indicate that September sea-ice concentrations over the marginal seas to the north of Alaska and Siberia have declined substantially since the record began in 1979, as shown in Figure 1c . These regions are of particular interest because they exhibit spatially-coherent year-to-year variations in sea ice concentration that are highly correlated with variations in September sea ice extent over the Arctic Ocean as a whole, both in raw data ( Figure 1a ) and in detrended data (Figure 1b ). The increasing area of open water in the marginal seas is reflected in the very low September sea-ice extents observed in September 2002 [Serreze et al., 2003] and 2004 [Stroeve et al., 2005] and the even lower values in 2005 and 2006, as indicated in the inverted Arctic sea ice extent time series plot in Figure 2 .
[3] In the popular press and in the literature on humaninduced climate change, the decline in Arctic summer sea ice concentration is widely cited as evidence of (and thereby attributed to) global warming. Indeed, summertime surface air temperatures averaged over the polar cap region have warmed by $1.2°C since 1979 and year-to-year variations in summer sea-ice extent are correlated with variations in surface air temperature, as shown in Figure 2 . It has been suggested that at least some of the variability in summer sea ice extent is due to wind-induced changes in sea ice motion. To date, most of the literature on this topic has emphasized wintertime processes. In this contribution we will argue that the summertime winds could also play a role.
[4] Rigor et al. [2002] showed statistical evidence that wintertime circulation anomalies that resemble the ''high index'' or cyclonic polarity of the Arctic Oscillation (AO) could induce negative anomalies in sea ice concentration during the subsequent summer in two ways: (i) by inducing Ekman divergence, which would cause the leads between ice floes to widen, and (ii) by blowing the pack ice away from the land-fast ice along parts of the Siberian coast, leading to the formation of thin first year ice that would melt the following summer. Serreze et al. [2003] invoked the first mechanism to explain the low sea ice extent observed over the Arctic during the summer of 2002. But if year-to-year changes and long term trends in summertime sea ice extent are primarily a reflection of changes in sea ice concentration over the marginal seas, as indicated by Figure 1 , then it could be argued that cyclonic wind anomalies over the Arctic as a whole, with westerly wind anomalies over the marginal seas, should increase sea ice extent by inducing a southward Ekman drift of the ice edge, and vice versa. We will show observational evidence that this is, in fact, the case.
[5] September sea ice extent in this study is based on the definition on the National Snow and Ice Data Center (NSIDC) web site (http://nsidc.org/data/seaice_index/ archives/), as the area covered by sea ice concentrations of 15% or greater. In the time series of September sea ice extent, shown in Figure 2 , the trend accounts for nearly half the variance. In making inferences based on observed relationships derived from time series with such strong trends, it is useful to distinguish between the patterns observed in association with the trends and the patterns associated with the year-to-year variability about the trend lines. When the patterns are different, the patterns based on detrended data, since they have a larger number of statistical degrees of freedom, are more suitable as a basis for inferences about causal mechanisms. Accordingly, in addition to the regression pattern for sea ice concentration shown in Figure 1a , we show the corresponding regression pattern based on the detrended year-to-year variations in September ( Figure 1b ) together with the pattern of the trend in sea ice concentration ( Figure 1c ), and we will follow the same practice in subsequent figures. That the patterns in Figure 1 are very similar implies that the trend in September sea ice concentration and the year-to-year variability about the trend line are governed by the same physical process(es) or linkage(s). In this case, the similarity of the patterns may simply reflect the fact that the interannual variability in September sea ice concentration over the marginal seas north of eastern Siberia and Alaska is much larger and/or more spatially coherent than it is elsewhere in the Arctic.
Results
[6] Figure 3 shows the patterns in summer (July -August -September) surface air temperature (SAT: defined here as the 2 m temperature in the National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) Reanalysis [Kalnay et al., 1996] ) that occur in association with year-to-year variations in September sea-ice extent. In contrast to the patterns in Figure 1 , the contributions from the trend and the year-to-year variability about the trend line are quite different. The former exhibits warming over most of the Arctic while the latter exhibits anomalies only over the marginal seas, where the variations in sea ice concentration are large (Figure 1b ). Summers with anomalously low sea ice in the detrended data tend to be warmer than normal over the marginal seas, but near normal elsewhere. This result is consistent with the fact that 2 m temperatures over sea ice are constrained to the melting point, while they can rise about freezing over open water. The 2 m temperatures in the NCEP/NCAR model are, of course, dependent upon the boundary layer parameterization, but the distinction between the patterns in Figures 3a and 3b is nonetheless suggestive of real, physically plausible structure in the temperature field.
[7] Figure 4 shows the corresponding patterns of sealevel pressure (SLP). In this case as well, the contributions from the trend and from the summer-to-summer variability about the trend line are quite different. On average, summers with anomalously low sea ice extent relative to the trend line exhibit pronounced positive SLP anomalies centered over the Arctic, indicative of anticyclonic circulation anomalies with easterlies over the marginal seas, the regions that control the variability of summertime sea ice extent over the Arctic as a whole. However, there are exceptions, such as the summer of 2002, when low sea ice extent was observed in association with cyclonic circulation anomalies [Serreze et al., 2003] . The pattern associated with the linear trend (Figure 4c ) is somewhat larger in horizontal scale, with a large area of falling pressure centered along the Russian Arctic coast and a smaller area of rising pressure over Europe and the western Atlantic. The pattern of the SLP trend implies a trend in the surface wind vector directed from the Chukchi Sea toward the Fram Strait and a more cyclonic flow with increased Ekman divergence of sea ice over all but the Canadian sector of the Arctic, both of which could conceivably be contributing to the thinning of sea ice.
[8] The SLP pattern based on the detrended data shown in Figure 4b resembles the summertime AO identified by Ogi et al. [2004] except that it is slightly smaller in horizontal scale. September sea ice concentration is correlated with the summertime AO index defined by Ogi et al. [2004] at a level of 0.51.
[9] The statistical significance of the pattern in Figure 4b was assessed by comparing it with 1000 spatial patterns generated by regressing the same July-September SLP gridded data upon randomly generated, standardized, detrended time series of the same length. For each map, the spatial average (poleward of 60°N) of the area-weighted squared covariance (i.e., the square of the regression coefficient) was computed. The regression pattern generated from the actual sea ice extent time series has a higher spatially-averaged squared covariance than 92% of the patterns generated from the random time series. That the pattern in Figure 4b is consistent with physical reasoning reinforces our confidence in its statistical significance.
[10] Regression analysis with upper level geopotential height and temperature fields (not shown) suggests that the atmospheric circulation pattern that occurs in association with the SLP pattern in Figure 4b exhibits a deep, equivalent barotropic structure. The center of the anomalous anticyclonic gyre over the Arctic is warmer than its surroundings throughout the depth of the troposphere and the air is sinking, indicative of a locally thermally indirect circulation. The amplitude of the geopotential height anomalies increases from the Earth's surface up to the jet stream level.
Discussion
[11] The foregoing results are suggestive of a coupling between distinctive pattern of atmospheric circulation anomalies, with a gyre centered over the Arctic, and anomalies in sea ice concentration in the marginal seas to the north of Alaska and eastern Siberia, a region that is highly influential in accounting for the year-to-year variability of Arctic sea ice extent. The prominence of the circulation pattern and the weak response of atmospheric general circulation models to prescribed summer sea ice anomalies in the marginal seas (Uma Bhatt, International Arctic Research Center, personal communication, 2007) suggests that the coupling is one-way, with the atmospheric circulation forcing the sea ice and relatively little feedback from sea ice extent to the atmospheric circulation.
[12] The time-varying index of the pattern in Figure 4b , generated by projecting summertime SLP fields for each of the 28 years upon that pattern, is correlated with the detrended time series of sea ice extent at a level of 0.65. Hence, year-to-year variations in the summertime circulation over the Arctic account for 42% of the year-to-year variability of (detrended) sea-ice extent. Some of the unexplained variability may be due to variations in wintertime (À0.3, À0.1, 0.1 . . .) . The red lines are positive anomalies. winds, as discussed by Rigor et al. [2002] and Maslanik et al. [2007] .
[13] Whether the relationship between summertime winds over the Arctic and September sea ice extent, as inferred from the detrended data, applies to variability on the decadal and multidecadal time scale remains to be seen. For example, we have shown statistical evidence that the southward Ekman drift induced by an increase in the vorticity of the surface winds over the Arctic from one summer to the next tends to increase September sea ice coverage in the marginal seas north of eastern Siberia and Alaska, thereby increasing the ice extent over the Arctic as a whole. However, it is conceivable that on longer time scales, the increased advection of sea ice into the marginal seas could be outweighed by the thinning and ultimate loss of pack ice due to the increased Ekman divergence over the interior of the Arctic Ocean. Unfortunately, the satellite record of sea ice extent is not long enough to support statistical inferences concerning processes operating on the decadal time scale and longer.
